The authors successfully formed a bond between bioactive hydroxyapatite (HA) ceramics and titanium (Ti)-based bulk metallic glasses (Ti 40 Zr 10 Cu 36 Pd 14 : BMG) through a growing integrated layer (GIL) to develop a new type of biomaterial. The GILs were formed on the BMG surfaces by hydrothermal-electrochemical (HE) techniques. The BMG substrates were treated in a 5 mol/L NaOH solution at 90 C for 600, 2400 and 7200 seconds while a constant electric current of 50 mA/mm 2 was maintained between the electrodes. Then the BMG disks with the GIL and a powder mixture of calcium phosphate di-hydrate (CaHPO 4 Á2H 2 O) and calcium hydroxide (Ca(OH) 2 ) were simultaneously treated with an autoclave for hydrothermal hot-pressing (HHP) (150 C, 40 MPa, 7.2 ks). Direct bonding between the HA ceramics and the BMG disks could be achieved through the above processing method. Scanning electron microscopy observations was conducted around the interface between BMG and HA. The bonding model of the bonding BMG and HA was suggested. The bonding was achieved through the amorphous nano-meshed layer consumption during the HHP processing. Sufficient thickness of GIL derived from hydrothermal-electrochemical treatment for over 2.4 ks is needed for the bonding.
Introduction
Bulk glassy alloys are promising materials for structural and functional uses due to their superior properties compared to their crystalline counterparts. [1] [2] [3] These alloys are known to exhibit high hardness, high tensile strength, and good fracture toughness. The unique properties of bulk glassy alloys make them extremely attractive for biomedical applications. The mechanical deformation behavior of biological materials, which is characterized by a high recovery of strain (above 2%) after deformation, is very different from that of common metallic materials. 4) Another problem concerning metallic implants in orthopedic surgery is the mismatch of Young's modulus between a human bone and metallic implants. The bone is insufficiently loaded due to a mismatch called stressshielding. From the viewpoint of the requirements toward implant materials for hard tissue replacement, a biomaterial with low elastic modulus is required. Glassy alloys have lower Young's modulus and an extremely high elastic limit of 2%. Since bulk glassy alloys have a unique ability to flex elastically with the natural bending of bone, they distribute stresses more uniformly. Faster healing rates will result from reduced stress shielding effects while minimizing stress concentrators.
A series of new Titanium (Ti)-based bulk metallic glass without Al, Ni, and Be has been developed. 5) Ti-based alloys are beneficial for biomedical applications due to their low density, excellent biocompatibility, and corrosion resistance. Combining the advantages of both bulk metallic glass and Tibased alloy, Ti-based bulk metallic glasses are expected to be applied as a new type of biomaterial. However, it is wellknown that the surface of bulk metallic glasses, which are bioinert, must be bioactive to use as bone replacing medical/ dental materials as well as Ti and its alloys.
Recently, we reported a concept called ''Growing Integrated Layer'' [GIL] that improves adhesion performance without cracking and peeling the ceramic coatings. 6) In particular, if the metallic glass or alloy contains a very reactive component like Ti, it can grow on the bulk metallic materials with its ''root'' in the bulk. Multiple layered, laminated, integrated, graded, and diffused coatings have been investigated to decrease the stress accumulation, which however, it is not easy, particularly when the interface is sharp. Even widely diffused interface(s) of larger micron sizes are preferable for joining and coating bulk ceramics on metallic materials. Such a GIL of oxide films grown from the ''seed'', i.e., the most reactive component in the bulk metallic materials is interesting as a novel process of oxide film formations, especially because the oxide film can be fabricated in a solution at such low temperatures as C when chemical and/or electrochemical potentials are added. Thermal stress accumulation can be avoided in those low temperature formations of the ceramic film on the metal. We reported that bioactive hydroxyapatite (HA) ceramics can be bonded to Ti-based bulk metallic glasses through the hydrothermal techniques at low temperature under 150 C. 7, 8) In this study, we have conducted observations of a bonding interface between the HA ceramics and the Ti-based bulk metallic glass through the hydrothermal techniques and discussed a mechanism of the bonding of HA and Ti-based bulk metallic glasses.
Experimental Procedure

Bulk metallic glass
Ingots of Ti-based bulk metallic glass (Ti 40 Zr 10 Cu 36 Pd 14 : BMG) were prepared by arc melting the pure elements with purities above 99.9% in an argon atmosphere. 5) Cylindrical rods (5 mm diameter) were prepared by a copper mold casting method and cut into disks 2 mm thick. The BMG surfaces were finished using emery paper. Next the BMG disks were degreased prior to the hydrothermal-electrochemical experiment. After sonicated in acetone and rinsed with distilled water, the disks were dried at ambient temperature.
Hydrothermal-electrochemical treatment for GIL
To produce GIL on the BMG surface, hydrothermalelectrochemical treatment was conducted, as shown in Fig. 1 .
6) The BMG substrate was used as the working anode, and the platinum substrate was used as the cathode. The distance between the electrodes was kept at 40 mm. The active anodic surface area immersed in electrolyte was 70.7 mm 2 . A constant electric current of 50 mA/mm 2 was applied between electrodes. GIL was fabricated by hydrothermal-electrochemical treatment at 90 C in aqueous solutions of 5 M NaOH as an electrolyte for 0.6, 2.4 and 7.2 ks, respectively. After hydrothermal-electrochemical treatments, the specimens were removed from the electrolyte, washed with distilled water, and then dried at 80 C for 7.2 ks in air. The GIL produced by the hydrothermal-Electrochemical method was observed by scanning electron microscopy (SEM: Hitachi S-4500, Japan) in a cross section view.
Hydrothermal hot-pressing (HHP)
Previously, we reported that BMG surfaces became bioactive by a hydrothermal hot-pressing (HHP) treatment. 9) Spherical apatite particles were deposited on BMG surfaces through immersion in simulated body fluid. However, direct bonding HA bulk ceramics and Ti-based BMG were never achieved by the hydrothermal hot-pressing technique. In the present study, direct bonding of BMG with GIL and bioactive hydorxyapatite (HA) ceramics were conducted by the HHP method.
CaHPO 4 Á2H 2 O (DCPD) was used as a starting powder and prepared by mixing a 1.0 M calcium nitrate solution (99.0%; Ca(NO 3 ) 2 Á4H 2 O, KANTO CHEMICAL, Japan) and a 1.0 M diammonium hydrogen phosphate solution (98.5%; (NH 4 ) 2 HPO 4 ; KANTO CHEMICAL, Japan) at room temperature (approximately 20 C). The precipitate from the mixture was filtered and washed with deionized water and acetone. The washed filter cake was oven-dried at 50 C for 86.4 ks and then was ground to a powder. The synthetic DCPD and the calcium hydroxide (95.0%; Ca(OH) 2 ; KANTO CHEMICAL, Japan) were mixed in a mortar for 5.4 ks with a Ca/P ratio of 1.67. The powder mixture (3.0 g) and the BMG disks were simultaneously placed in the middle of the autoclave, as shown in Fig. 2. 9) The stainless steel (SUS304) autoclave has a piston-cylinder structure with an inside diameter of 20 mm. Pressure of 40 MPa was initially applied to the sample through the push rods from the top and bottom at room temperature. After initial loading the autoclave was heated to 150 C at 10 C/min with a sheath-type heater, and then the temperature was kept constant for two hours. The axial pressure was kept at 40 MPa during the hydrothermal hotpressing treatment. After the HHP treatment, the autoclave was naturally cooled to room temperature, and the sample was removed from the autoclave. Finally, a grinder shaped the sample into a 5-mm-diameter columned body. The interface between BMG and HA was observed by scanning electron microscopy (SEM: Hitachi S-4500, Japan) in a cross section view.
Results and Discussion
The BMG disks were examined by powder X-ray diffractions patterns. Broadened XRD patterns denote a glassy nature. For Ti 40 Zr 10 Cu 36 Pd 14 , a glassy state was confirmed as well as the results of Zhu et al.
5,7) SEM micrograph of 7.2 ks hydrothermal-electrochemical treatment is displayed in Fig. 3 . The surfaces had a nanometerscale meshed structure. As shown in Fig. 4 , Thin Film mode XRD analysis indicated no distinguished peaks. Consequently, the surface products formed on the BMG had an amorphous phase. The surface products had no 10) The depth of the nano-meshed structure was approximately 1 mm. We assumed that GIL was constructed between the BMG substrate and the nano-mesh materials.
Bonding of hydroxyapatite ceramics and BMGs with the hydrothermal-electrochemical treatment for 2.4 and 7.2 ks could be achieved through HHP treatment, as shown in Fig. 5 . The HA/BMG joint body with GIL remained adhesive during the 5 mm grinding process. The interface between the BMG and HA ceramics has sufficient mechanical strength. On the other hand, the BMG with 0.6 ks hydrothermal-electrochemical treatment has no adhesion to HA ceramics, like as the BMG without GIL. It is necessary for bonding the BMG and HA ceramics to make sufficient thickness of the GIL through the over 2.4 ks hydrothermalelectrochemical treatment. Since glass transition and crystallization onset temperatures of about Ti 40 Zr 10 Cu 36 Pd 14 have been reported at 396 and 445 C, respectively, 5) the unique mechanical properties of the bulk metallic glasses must be lost in case of adding over 400 C heat treatment.
Lower temperature processes (under 400 C) are required for surface bioactivity treatments for retaining the uniquely mechanical properties of the bulk metallic glasses. The operating temperature (maximum 150 C) of the above hydrothermal treatments are low enough. A series of hydrothermal techniques is expected to be one of the most useful methods for creating bioactivity to Ti-based bulk metallic glasses surfaces. Moreover, hydrothermal techniques are appropriate for compositing bulk metallic glassy materials and ceramics to provide complementary functions with other materials due to the low temperature of hydrothermal processing. By using other hydrothermal techniques, 11) HA ceramics coating on Ti-based BMG could be achieved.
As shown in Figs. 6(a) and (b), we observed near the interface between the HA and the BMGs with the hydrothermal-electrochemical treatments for 2.4 and 7.2 ks, respectively. Amorphous nano-meshed structure on the BMG surface was disappeared during the hydrothermal hot-pressing (HHP) process for bonding HA ceramics and the BMGs. If HA precipitates into the nano-meshed structure, the nano structure can be watched in these SEM micrographs. However, there was no fragmented or remained nano-mesh. It is known that the surface amorphous products processed by low temperature solution are meta-stable phase and easily dehydrated and hydrolyzed. 12, 13) Consequently, it is guessed the amorphous products were consumed or decomposed during the HHP treatments. An intermediate layer between HA ceramics and the BMG was revealed in the SEM micrographs as shown in Figs. 6(a) and (b) . It is observed that the greater hydrothermal-electrochemical treatment time, the thicker the intermediate layer became. Compared with Figs. 3 and 6(a), the thickness of the GIL and the intermediate layer were estimated in almost same value, respectively. It was concluded that the intermediate layer was the GIL remained on the BMG and indicated by arrows in Fig. 6 . The intermediate layer would play a role of bonding layer between the BMG and the HA ceramics.
6) The BMG with the hydrothermal-electrochemical treatments for 0.6 ks could not achieved the bonding of the BMG and HA ceramics through surface through hydrothermal-electrochemical treatment for 7.2 ks (CuK, 40 kV, 300 mA). 
Summary
This is a successful attempt to form direct bonding between Ti-based bulk metallic glass: Ti 40 Zr 10 Cu 36 Pd 14 and HA bulk ceramics. The bonding was only obtained for BMG with GIL. We demonstrated that a series of hydrothermal techniques are very useful for bonding bulk ceramics and bulk metallic materials. To form a growing integrated layer (GIL) on the BMG surface to improve the adhesive properties to HA ceramics, the BMG substrates need to be Interface Structure between Ti-Based Bulk Metallic Glasses and Hydroxyapatite Ceramics Jointed by Hydrothermal Techniquestreated in a 5 mol/L NaOH solution at 90 C for over 2.4 ks by hydrothermal-electrochemical techniques. Hydrothermal hot-pressing (HHP) treatment (150 C, 40 MPa, 7.2 ks) of the BMG and powder mixture of CaHPO 4 Á2H 2 O and Ca(OH) 2 is an appropriate way for bonding the BMG and HA ceramics due to low operating temperature. The bonding model of the bonding BMG and HA was suggested. The bonding was achieved through the amorphous nano-meshed layer consumption during the HHP processing. Sufficient thickness of GIL derived from hydrothermal-electrochemical treatment for over 2.4 ks is needed for the bonding.
